measured by excitation of a solution that still contains the inhibitors. in the course of our studies on the potency of naturally occurring flavonoids as putative neuraminidase inhibitors, we have noticed a strong quenching effect on the fluorescence of 4-Mu due to the flavonoids themselves.
Fluorescence quenching refers to any processes causing a decrease of fluorescence intensity of a sample. there is actually a wide variety of quenching processes, including excited state reactions, molecular rearrangements, ground state complexes formation, energy transfer processes, and so forth. 11 regardless of their specific mechanistic nature, all of these quenching phenomena, when not properly recognized, can be mistaken for a lower concentration of the fluorescent molecule, generating false-positive results when the fluorescent molecule is the product of an enzymatic reaction. this interfering effect causing false-positive results calls for careful consideration in the choice of the substrate to be used in the neuraminidase inhibition assays when flavonoids are to be tested. the quenching effect exerted by a variety of compounds on species structurally related to 4-Mu has been reported in the literature. as representative examples, the fluorescence of 7-ethoxycoumarin is quenched by halide ions, 12 the fluorescence of 3-methyl 7-hydroxyl coumarin is quenched in the presence of acetone, 13 and that of 3-carboxy-5,6-benzocoumarin by aromatic amines. 14 on the other hand, there have also been reports on the quenching effect of flavonoids on the fluorescence of many compounds with no structural relationship to 4-Mu such as 1,6-diphynyl-1,3,5-hexatriene, 15 human salivary r-amylase, 16 bovine serum albumin (Bsa), [16] [17] [18] and 2,3-diazabicyclo[2.2.2]oct-2-ene. 19 a significant quenching effect of quercetin on the fluorescent product of the tyrosine-H 2 o 2 -peroxydase reaction was also reported. 20 However, none of these studies describe thoroughly the quenching effect of flavonoids on 4-Mu. this prompted us to investigate the effect of this group of compounds on the fluorescence intensity of 4-Mu and to analyze the implication of the observed quenching effect on the screening of flavonoids as putative inhibitors of neuraminidase.
MAtErIALS And MEthodS
Flavonoids were extracted and isolated from Dalbergia parviflora r. 21 and Belamcanda chinensis. 22 Briefly, methanol extract of these plants was concentrated and eluted with organic solvents. the collected fractions were furthered purified by reversephase high-performance liquid chromatography. their structures were elucidated by 1 H-nMr, 13 c-nMr, and mass spectrometry. 4-Mu was purchased from alfa aesar gmbH & co Kg (Ward Hill, Ma); daidzein, quercetin, 2-N-morpholino-ethanesulfonic acid (Mes), and glycine were purchased from sigma (st. louis, Mo); and cacl 2 was purchased from sigma aldrich. 4-Munana (2′-O-[4-methylumbelliferyl]-N-acetylneuraminic acid) was purchased from gold Biotechnology (st. louis, Mo). lyophilized recombinant neuraminidase n3 was kindly donated by the oie, Fao, and national reference laboratory for avian influenza and newcastle disease, istituto Zooprofilattico delle venezie. the protein from the lpai isolate a/ty/italy/8000/02 (H7n3) was expressed using a Bac-to-Bac baculovirus expression system (invitrogen life technologies, carlsbad, ca) according to the manufacturer's instructions as previously reported. 23, 24 lyophilized baculovirus supernatant was dissolved in double-distilled water. this solution was aliquoted and stored at -80 °c. Fitting of the dose-response curves was achieved by using the graphpad prism 5 software (graphpad, san diego, ca). statistic analyses were carried out using past software version 2.04. 
Neuraminidase inhibition assay
enzyme assay was performed according to a previously described methodology. 25 Briefly, 10 µl of 10 mM flavonoids solution in methanol was mixed with 80 µl of 33 mM Mes pH 6.5, 4 mM cacl 2 , in the wells of a microplate; 25 µl of enzyme solution was then added. this mixture was incubated for 2 h at 37 °c, and then 25 µl of 20 µM Munana was added to each well to initiate the enzymatic reaction. after incubating the plate at 37 °c for 5 h, the reaction was terminated by adding 50 µl of stop solution (0.1 M glycine, pH 10.7, containing 25% ethanol). the fluorescence was measured by using the victor 3 multilabel counter (perkin elmer, Waltham, Ma) with excitation and emission wavelengths of 355 and 460 nm, respectively.
Determination of oseltamivir carboxylate IC 50 against neuraminidase N3
the ic 50 determination was carried out by using a 96-well microplate as an array of reaction vessels. in the first well, a 0.1-mM solution of oseltamivir carboxylate was prepared by mixing 90 µl of 33 mM Mes, pH 6.5, containing 4 mM cacl 2 and 10 µl of a 10-mM oseltamivir carboxylate stock solution. starting from the solution contained in the first well, an in-plate 10-fold serial dilution was performed using 33 mM Mes, pH 6.5, containing 4 mM cacl 2 as dilution buffer, obtaining a 7-point dilution curve. the last well in the vertical lane was used to obtain a negative control (no oseltamivir was added). at the end of the dilution process, each well contained 90 µl of solution. to each well, 25 µl of the enzyme stock solution was mixed with the oseltamivir solution and incubated for 2 h at 37 °c. after the incubation time, 25 µl of 20 µM Munana was added. in the reaction mixtures, the final concentration of oseltamivir carboxylate spanned in the ranges 0.64 pM to 642 nM. after incubating the plate for 5 h at 37 °c, 50 µl of stop solution (0.1 M glycine, pH 10.7, containing 25% ethanol) was added. the fluorescence of the solutions contained in each well was read with the victor 3 multilabel counter. the 50% inhibitory concentration (ic 50 ) was determined from a dose-response curve using graphpad prism 5.
Fluorescence-quenching study
Flavonoids were dissolved in 33 mM Mes, pH 6.5, containing 4 mM cacl 2 and 44% methanol. For each flavonoid, a set of solutions with concentrations spanning the range 0 to 1.3 mM was prepared by twofold serial dilution in a microplate (90 µl per well). to each well, 25 µl of 33 mM Mes, pH 6.5, containing 4 mM cacl 2 and 25 µl of 20 µM 4-Mu was added. Finally, 50 µl of stop solution (0.1 M glycine, pH 10.7, containing 25% ethanol) was added. the fluorescence was measured by using the victor 3 multilabel counter (perkin elmer) with excitation and emission wavelengths of 355 and 460 nm, respectively.
rESuLtS

Neuraminidase inhibition assay
the structures of flavonoids tested in this study are shown in Figure 2 . these flavonoids were isolated from two thai medicinal plants of D. parviflora r. and B. chinensis as described previously. 20, 21 recombinant neuraminidase subtype 3 was expressed in baculovirus according to the procedure reported previously. 22, 23 the culture supernatant containing the viral particles was tested for its enzyme activity prior to use. the neuraminidase inhibition assay was performed by using oseltamivir as a positive control.
the 50% inhibitory concentration (ic 50 ) of oseltamivir on neuraminidase subtype 3 was extrapolated from the titration curve (Fig. 3A) . the data were fitted to the model %NA activity = 100/[1+10 (C-LogIC 50 ) ]. in this experiment, the ic 50 of oseltamivir on neuraminidase subtype 3 was found to be 0.1 ± 0.04 nM. the structures of the flavonoids analyzed in this report are displayed in Figure 2 , and they can be divided into five main groups: isoflavones 1-11, isoflavanones 12-19, flavanones 21-24, isoflavanes 25-29, and miscellaneous 30-35 and the flavone quercetin 20. only for 29 compounds (namely, isoflavones 3, 6-11; isoflavanones 12-19; flavanones 21-24; isoflavanes 26-29; and flavonoids 30, 32-36) did the solubility properties allow a complete analysis. initially, inhibitory properties of the aforementioned compounds were screened by using each species at a concentration of 714 µM; after incubation with the enzyme, the reaction was started by addition of 4-Munana. the reaction mixture was incubated at 37 °c for 5 h, and afterward the reaction was terminated by adding the stop solution. the fluorescence intensity of 4-Mu was measured and compared with that of the reaction in the absence of flavonoids. those flavonoids causing a significant reduction of the fluorescence intensity of 4-Mu were also retested at lower concentration (142 µM). the obtained results are summarized in table 1, and some significant examples are reported in Figure 3B .
in preliminary control experiments, some flavonoids were mixed with a concentration of 4-Mu equal to that obtained upon complete hydrolysis of 4-Munana. When the fluorescence intensity of 4-Mu was measured in this solution, a significant quenching effect could be observed for each of the flavonoids used. to better analyze this potentially interfering effect, a thorough investigation of the quenching properties of the complete set of flavonoids was performed according to the stern-volmer approach.
Fluorescence-quenching assessment
From a general point of view, the concentration dependence of the fluorescence quenching exerted by a given species on a fluorescent molecule (probe) can be described by the sternvolmer equation as follows:
where I 0 and I are the fluorescence intensities of the probe in the absence and presence of the quencher, respectively, k q is the quenching constant and τ 0 is the fluorophore lifetime in the absence of quencher. the quencher concentration is represented by [Q] , and Ksv is the pertinent stern-volmer constant, which is a measure of the ability of a given compound to act as a quencher. in this study, fluorescence-quenching analyses were carried out by varying the concentrations of the different flavonoids in the range 0 to 1 mM in a solution containing a fixed amount of 4-Mu (the probe) and monitoring its fluorescence as a function of the flavonoids' concentration. By plotting the i 0 /i ratio versus the flavonoids' concentration, a well-behaved linear plot could be obtained in all of the cases (Fig. 4A-F) to gain further insight into the extent of the flavonoids' interference in the fluorimetric neuraminidase inhibition assay, we computed the magnitude of the fluorescence decrease (1 -i/ i 0 ), which could be ascribed solely to quenching for each flavonoid considered. this is possible because by rearranging (1), one obtains
and both Ksv and [Q] are known, the obtained data, expressed as percentages, are reported in table 3 . these values can be compared with the decrease in fluorescence intensities obtained in the inhibition experiments (table 3) . remarkably enough, the values in the two independent sets obtained in independent experiments were found to be very similar; for 11 compounds (3, 14-17, 24, 25, 27, 30, 31, 34) , the two values were exactly the same within the experimental uncertainties. 
Correlation analysis
to better assess the existence of any dependence between the two data sets, they were statistically analyzed for correlation by calculating the pertinent pearson correlation coefficient (r). the two data sets were also plotted against one another to display their similarity (Fig. 5) . the pearson correlation coefficient (r), computed by considering the two complete data sets, was r = 0.71, p(uncorr) = 1.5 × 10 −5 , suggesting a strong correlation. remarkably, this correlation holds for the whole set of flavonoids, despite their structural diversities. When the analysis was restricted to structurally homogeneous compounds, a good correlation could also be obtained. in closer detail for the different flavonoid classes, the correlation analysis gave the following results: isoflavones, r = 0.72, p(uncorr) = 0.064; isoflavanones, r = 0.93, p(uncorr) = 0.00077; flavanones, r = 0.74, p(uncorr) = 0.256; isoflavanes, r = 0.968, p(uncorr) = 0.0066; miscellaneous, r = 0.98, p(uncorr) = 0.003. as it can be seen only for the flavanones, the correlation was not completely satisfactory.
dIScuSSIon
Flavonoids are often reported to display inhibitory properties against neuraminidase; in many cases, the inhibition assays are based on the use of the fluorogenic substrate of 4-Munana. in the course of our studies on some neuraminidase inhibitors, we unexpectedly found that flavonoids display significant quenching on the fluorescence emission of 4-Mu, the product of enzymatic hydrolysis of 4-Munana.
Fluorescence quenching and enzyme inhibition are completely different and mechanistically independent phenomena. in fact, enzyme inhibition reflects the property of a given species (the inhibitor) to somehow hinder the normal activity of the enzyme against its natural substrates. on the contrary, fluorescence quenching does not require interaction with neither the enzyme nor the substrate; the only requirement is the interaction with the fluorescent product of the reaction. Because of the above considerations, there is no theoretical reason to expect any correlation between the fluorescence quenching exerted by flavonoids and their activity as enzyme inhibitors, but this correlation was, in this case, experimentally ascertained. the only explanation for the observed behavior is that quenching may indeed largely contribute to the magnitude of the signals obtained in fluorimetric assays aimed to test the inhibitory properties of flavonoids, thus generating falsepositive results. Because quenching and inhibition are not mechanistically mutually exclusive phenomena, they occur at the same time. if flavonoids are effective inhibitors, the amounts of 4-Mu released in the neuraminidase catalyzed reaction will be of course lower than those expected in absence of inhibitors; however, the excess flavonoids present in solution will quench the fluorescence of the released 4-Mu, resulting in an apparently higher inhibitory effect. Because of the above considerations, it might be possible, as a first approximation, to subtract the contribution of the quenching effect from the data obtained in the inhibition experiments. When this approach was attempted, only a few flavonoids were found to retain some inhibitory activity (table 4), whereas the large majority displayed no inhibition effects at all, with the notable exception of resveratrol 33.
the collected data point out that when the quenching effect is not taken into account, flavonoids may produce falsepositive results, ingenerating misleading interpretation of their effects on viral neuraminidase. in summary, in this report, we described a thorough analysis of the fluorescence-quenching properties of 29 flavonoids on 4-Mu. the panel of flavonoids analyzed comprise isoflavones, 
